Background: Adverse consequences of liposuction, including those associated with fat embolism, have been reported in the literature. Fat embolism syndrome after liposuction may be underestimated because of the unspecific nature of the symptoms. The aim of this study was to determine whether there is a generic risk of the generation of intravascular fat emboli as a consequence of liposuction. Methods: An animal study was conducted in which liposuction was performed on 10 Sprague-Dawley rats. The procedure was conducted with the animals under general anesthesia for 60 minutes, in a similar manner to that practiced clinically. Three blood samples were taken from each animal through a central line (one before liposuction and two at 30 and 60 minutes into liposuction) and examined for the presence of fat particles. The animals were then euthanized and the lungs and brain were removed for histological examination. In the control group, liposuction was not performed, but similar blood and histological samples were taken. Results: In the study group, stained fat particles were seen in all blood samples taken during liposuction but not in those taken before liposuction. The difference between the 30-and 60-minute samples and the preliposuction control ones was statistically significant (p Ͻ 0.001 minimum). The differences between the 30-minute and 60-minute samples were also statistically significant (p ϭ 0.017), demonstrating that fat mobilization during liposuction is a cumulative process. Nothing of significance was seen in the blood samples of the control group. Lipid deposits were seen in the lungs of all study group animals but not in the control group. With one possible exception, no lipid deposits were confirmed in brain specimens.
S
ince its introduction in the mid-1970s, 1 liposuction has gained such popularity to the extent that it has become the most common cosmetic surgical procedure. 2 However, several adverse consequences of liposuction have been well documented in the literature, [3] [4] [5] [6] [7] including potentially fatal fat embolism syndrome. 8 -16 The mechanical pathway is considered to be the more likely route for the initial occurrence of fat embolism after liposuction. 10 -12,16 It is believed that in addition to the extensive mobilization of fat, liposuction can cause mechanical damage to the adipocytes and neighboring blood vessels, through which ultimately some lipid globules might escape into the venous circulation. 8, 9, 13 Intravascular mobilization of fat pursuant to mechanical liposuction was the focus of the present study. We used an animal model under nearly clinical conditions, with apparatus designed for the species under study but that reflects normal clinical practice. The overall aim of the study was two-fold: (1) to determine, using a staining technique, whether intravascular fat mobilization occurs during mechanical liposuction; and (2) to determine, using histological examination of lung and brain tissue, whether fat embolism is a real risk under nearly clinical conditions.
MATERIALS AND METHODS

Animal Model
This study was conducted using male SpragueDawley rats. Ten rats were used as a study group and three were used as a control group. Several studies have shown that these rats have a physiology closely resembling that of human beings. 17 Previous experience at the research laboratory where this project was conducted has demonstrated that these rats do accumulate some fat, particularly on the trunk; this was considered to be adequate for the purpose of this project, because our main interest was in the physiological effect of liposuction rather than in the amount of fat removed.
Throughout the project period, the animals were kept and cared for at the Center for Biological Studies within Hammersmith Hospital under conditions that comply with Home Office regulations.
Liposuction Apparatus
To perform the liposuction, we used the SAM 12 suction system (MG Electric (Colchester) Ltd., Colchester, United Kingdom), which is designed for medical use; it provides high-vacuum/highflow suction with a vacuum range of 0 to -100 KPa or 0 to -760 mmHg (Fig. 1) . Liposuction cannulas were manufactured from medical-grade stainless steel in three sizes; they were designed to be suitable for use in animal models while at the same reflecting those used clinically (Fig. 2 ). They were 2, 4, and 6 mm in diameter and 10 cm in length, and all had a blunt, smooth, and rounded bullet tip and four openings on the sides through which the fat was suctioned. To collect the suction materials, a universal container was modified as a collection chamber. Ordinary, semisolid polyvinyl chloride tubes were used to connect the system.
Experimental Procedures
Anesthesia All experiments were carried out with the animals under general anesthesia using a standard protocol in which induction was achieved by inhalation anesthesia using 100% enflurane and an inhalation chamber. Maintenance was achieved by giving intraperitoneal injections of a standard mixture of midazolam and fentanyl. Initially, 0.7 ml of the mixture is given; during the experiment, however, top-up injections of 0.5 ml each are given as necessary. Depth of anesthesia was assessed by pedal reflex.
Liposuction Procedure
After each rat was anesthetized, it was placed on the operating table and secured in the supine position. In a manner similar to that used in clinical practice, 18, 19 we injected normal saline (without epinephrine or lidocaine) into the fat deposits in the lateral trunk areas of the rat; the amount injected (in milliliters) was equivalent to10 percent of the rat's weight (in grams); on average, this was 40 ml of normal saline. Twenty minutes were allowed to pass before the suctioning actually started, during which time a central line was inserted through the right external jugular vein using a (20-gauge) cannula to facilitate blood sampling. To start the liposuction, a small incision was made just proximal to the groin area on the right side, and the subcutaneous space around the fat deposits was opened with minimal dissection, to ease the suction and make it less traumatic to the Plastic and Reconstructive Surgery • June 2006 tissue. Liposuction was then performed, in a manner similar to that used in clinical practice, for 30 minutes before the same steps were repeated on the left side for another 30 minutes (Fig. 3) . The suction pressure was kept at about Ϫ50 KPa, and the suction materials were collected in the suction container.
It is worth pointing out that although liposuction was performed in a manner similar to that used in clinical practice, it was not unduly traumatic to the associated muscles at the site. These muscles are covered by thick fascia, which was not disturbed, and during liposuction, care was taken to keep the suction cannula within fat deposits so as to avoid any unnecessary injury to surrounding tissue.
Blood Sampling and Analysis
All blood samples from both study and control animals were collected in exactly the same way (i.e., via a central line inserted through the right external jugular vein using a 20-gauge cannula). Three blood samples (2 ml each) were taken from each animal during the procedure: one before the liposuction procedure, one in the middle of the procedure (at 30 minutes), and one at the end of the procedure (at 60 minutes). After each blood sample was taken, the syringe was capped and placed in ice until the analysis was performed place at the end of the experiment. Samples were stained with Oil Red O, 20 ,21 a lysochrome (fat-soluble) dye commonly used to stain lipids. With this dye, fat is colored red.
First, the blood samples were transferred into appropriately labeled falcon tubes, and then 0.2 ml of Oil Red O was added to each sample using a pipette. The contents of each tube were mixed together using a whirl mixer for 5 minutes and then placed on a miniorbital shaker (at a speed of 75 rpm) for 15 minutes. Finally, the samples were centrifuged for 17 minutes (at Ϫ4°C and a speed of 5000 rpm). The supernatant was then taken by a liquipette and placed on a hemocytometer slide (silvered Nehabauer hemocytometer chambers). These slides were then examined under a light microscope for the presence of any stained fat particles as evidence of systemic fat mobilization after liposuction. The fat particles were counted manually and photographed where appropriate.
Tissue Harvesting and Histological Examination
At the end of each experiment, the animal was euthanized using a scheduled procedure and the lungs and brain were removed. One half of each organ was kept in formalin and sent for histological examination; the other half was wrapped in foil paper and immersed in liquid nitrogen for instant freezing before being stored at Ϫ80°C. These stored samples were kept as a backup to the formalin samples in case of a problem during samples processing.
The histological examination was performed in the histopathology department of Hammersmith Hospital using Sudan Black-B to stain the tissue. Sudan Black-B 20,21 is the most sensitive and versatile lysochrome (fat-soluble) dye used to stain lipids; with this dye, fat appears blue-black. The organs were wax-impregnated and sectioned using a cryotome. Sections are examined under the microscope for the presence of lipid deposits as evidence of fat embolism as a consequence of liposuction. Photographs of some microscopic views are shown in the Results section.
Statistical Analysis
The paired t test was used to analyze the results of blood samples, and Fisher's exact test was used to analyze the results of the lung histology. For both tests, a p value of less than 0.05 was considered significant.
RESULTS
A total of 13 rats were used in this project; 10 rats underwent liposuction and three were used as controls. Their average weight ranged from 400 to 500 g (mean, 445 g). All animals survived the experiments with no apparent complications.
Liposuctioned Tissue
The liposuctioned tissues were mostly material fat (with some blood); fat in the collection was macroscopically very obvious to the naked eye, so we did not feel any need to send these tissues for (Fig. 4) . The amount collected ranged between 5.7 and 8.1 ml (average, 7.07 ml). Considering that the average weight of the rats was 445 g, this roughly equates to the suction of 1.1 liter in a 70-kg patient. Collection was dependent on time (30 minutes of liposuction on each side of the rat); in general, an equal amount of fat was suctioned from both sides.
Blood Sample Results
In the study group, nothing of significance was seen in the blood samples that were taken before the liposuction. On the other hand, stained fat particles were seen in all the samples that were taken at the middle and end of liposuction (at 30 and 60 minutes, respectively). These samples showed fat particles of various morphological features stained with Oil Red O. In the 30-minute sample, the number of particles ranged between 18,236/dl and 60,518/dl (mean, 38,427/dl; SD, 16,362/dl). In the 60-minute samples, more particles were seen, ranging between 45,348/dl and 150,439/dl (mean, 89,254/dl; SD, 35,186/dl) (Table 1). A typical example of slides prepared from 30-minute samples is shown in Figure 5 , above.
The difference between the 30-and 60-minute samples and the preliposuction control samples was statistically significant (p Ͻ 0.001 minimum). The differences between the 30-minute and 60-minute samples was also statistically significant (p ϭ 0.017), demonstrating that fat mobilization during liposuction is a cumulative process. In the control group, nothing of significance was seen in any of the blood samples (a typical example is shown in Fig. 5, below) .
Results of Histological Examination
Lung Specimens Lipid deposits were demonstrated to be present in the lungs of all animals in the liposuction group. Most of these deposits were intravascular, though some spillage into the extravascular space was also seen; typical examples are shown in (Fig. 6 ). There was no evidence of lipid deposits in the lungs of any of the control group animals (Fig. 7) . The difference in lung histology results between the study and control animals was statistically significant (p ϭ 0.0034).
Brain Specimens
In nine out of 10 animals in the liposuction group, no lipid deposits were seen in the histological examination of their brains. In one rat though, a few suspicious, very small deposits were seen that may have been fat emboli (Fig. 8, above) . There was no evidence of lipid deposits in the brains of any of the control group animals (Fig. 8,  below) . A summary of the histology results is presented in Table 2 .
DISCUSSION
This study was designed to be conducted on an animal model as an analogue of the clinical setting. Although we investigated the presence of fat particles in the circulation, our main interest was in the histological findings as evidence of the significance of the risk of fat embolism after liposuction. The possibility of systemic fat mobilization caused by the mechanical disruption of fat deposits by liposuction has been postulated before, 8,9,13,16 but we are not aware of any study that provides evidence of how significant this risk is.
To perform this project, the first challenge was to miniaturize the suction system to be suitable for 
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use on rats. The suction unit itself was designed for medical use and exerted vacuum pressure similar to that used clinically. Cannulas similar to those employed clinically, but to scale for our chosen species, were manufactured. We ultimately found that the 4-mm cannula was the most suitable for use during the liposuction procedure. In all the experiments, the system worked extremely well, with no technical faults.
In clinical practice, saline solution (with or without lidocaine or epinephrine) is usually used to infiltrate the subcutaneous fat before liposuction. 19 This fluid is meant to expand the target tissue and facilitate the passage of the cannula, and thus make liposuction more safe and efficient. It has also been found to reduce blood There was also a significant difference between the 30-minute and 60-minute samples (pϭ 0.017). †Number of particles per 100 ml of blood. ‡One minute is used to indicate the preliposuction sample in the study group and the equivalent, 1-minute postinduction sample in the control group.
Volume 117, Number 7 • Systemic Fat Mobilization and Embolism loss as a percentage of the aspirate and, as such, increase the amount of lipid that can be aspirated safely. 18, 19 Similarly, in our experiment, we infiltrated normal saline (without any additives) into the fat deposits in the lateral trunk areas of the rat and waited 20 minutes before actually starting the liposuction. Liposuction was then performed in a manner similar to that practiced clinically for a total of 60 minutes, which is considered the average duration of procedures performed in clinical practice. The amount collected ranged between 5.7 and 8.1 ml (average, 7.07 ml). Considering that the average weight of the rats was 445 g, this roughly equated to the suction of 1.1 liter from a 70-kg patient (which would be considered a large volume of liposuction by most authors). We experienced no problems in processing and examining the blood samples or in performing the histopathologic analysis.
With regard to harvesting the lungs and brain, one half of each organ was sent for histological examination, while the other half was immersed in liquid nitrogen for instant freezing and stored at Ϫ80°C. This was done as a safety measure, so that if for some unfortunate circumstance the first half was lost or damaged before it was examined, the stored tissue could always be used as a replacement; if the tissues were not needed, they would eventually be discarded. Fortunately, all initial samples were processed properly, and the stored tissues were not needed. Our results indicate that fat particles were consistently present in the blood samples taken at the middle and the end of liposuction, but as anticipated, there were no fat particles in the preliposuction or control samples. The difference between the 30-and 60-minute samples and the preliposuction control samples was statistically significant (p Ͻ 0.001 minimum). The difference between the 30-minute and 60-minute samples was also statistically significant (p ϭ 0.017), demonstrating that fat mobilization during liposuction is a cumulative process.
On histological examination, lipid deposits and fat emboli were seen in the lungs of all the study group animals but not in the control group. Most of these deposits were intravascular, although some spillage into the extravascular space was seen as well. On the other hand, in nine out of 10 animals in the study group, there was no evidence of lipid deposits or fat emboli on histological examination of the brain tissues. One animal had evidence of a few, very small stained deposits that could have been either tiny lipid deposits or just artifacts. No lipid deposits were seen in the brains of the control animals.
These results indicate that most of the fat particles and emboli are actually filtered in the lungs and do not reach the brain. In exceptional cases, tiny deposits might escape the lung filter and end up in the brain or other organs. In one animal, we suspected the presence of such tiny deposits, but because they were so small, it was very difficult to be sure whether they were actually lipid deposits or artifacts.
From our results, it seems that the risk of systemic fat mobilization and fat embolism after liposuction is much more significant than we really appreciate clinically, and this confirms the suspicion of many that fat embolism after liposuction is underdiagnosed. 8, 9, 11 There is a very strong possibility that similar mobilization occurs in clinical practice but either goes unnoticed at low levels and in low-risk patients or only demonstrates itself clinically at higher levels or in high-risk patients. Several authors have indicated that it seems likely that there is an incidence of subclinical fat embolism after liposuction, 13 and that the clinical picture can vary from subclinical hypoxia to fullblown adult respiratory distress syndrome, which can lead to coma and death. 9, 16 Our study demonstrates the presence of fat emboli both in the blood and the lungs as a consequence of liposuction. It also shows a consistent correlation between liposuction and systemic fat mobilization and fat embolism.
We are aware of one other study 22 (conducted on a porcine model) in which the lungs of the animals subjected to lipoplasty demonstrated patchy petechial hemorrhages on the pleural surface, marked hemorrhagic congestion, and evidence of pulmonary edema. Fat emboli were also identified within the pulmonary and renal systems. This study did not report fat emboli in the blood.
We believe that, in light of the rapid increase in the popularity of this procedure, our findings have important implications to the clinical practice of liposuction and can only serve to enhance patient care and safety. We believe that our results make it very difficult to ignore this risk from the clinician's standpoint, and may influence the informed patient's decision to undergo liposuction.
Our findings concur with and reinforce those of other investigators, 13, 14, 16 who recommend conservative patient selection and choice of technique, careful and efficient postoperative monitoring, and aggressive therapy (if fat embolism is suspected) to lessen the morbidity and mortality of fat embolism syndrome. Work is ongoing to protect patients undergoing cardiopulmonary bypass surgery from similar risks of fat embolism, using filters and other devices. It is still in its early days, but at some stage the same or similar concepts may be used in plastic surgery to protect high-risk patients.
CONCLUSIONS
This small-scale study confirms that the risk of systemic fat mobilization and fat embolism after liposuction is significant. This was an important and consistent finding, and its implications, if applied to clinical practice, can only serve to enhance patient care and safety. The present study, using an animal model, highlights the potential for complications associated with intravascular fat mobilization pursuant to liposuction. Clearly, however, further clinical investigation is required to evaluate the real clinical risk of this procedure from this perspective. Volume 117, Number 7 • Systemic Fat Mobilization and Embolism
